Several studies have shown that sleep contributes to the successful maintenance of previously encoded information. This research has focused exclusively on memory for studied events, as opposed to false memories. Here we report three experiments showing that sleep reduces false memories in the Deese-Roediger-McDermott (DRM) memory illusion. False recognition of nonstudied words was reduced after sleep, relative to an equal retention interval of wakefulness, with no change in correct recognition of studied words. These experiments are the first to show that false memories can be reduced following sleep, and they extend the benefits of sleep to include increased accuracy of episodic memory.
Recent work indicates that sleep enhances episodic memory, potentially by facilitating memory consolidation. Sleep increases recall of paired associates (Plihal and Born 1997) , reverses the effects of interference (Drosopoulos et al. 2007) , and protects memory against subsequent retroactive interference (Ellenbogen et al. 2006) . Despite the growing literature on sleep and episodic memory, the effect of sleep on false memory has yet to be established. We used the Deese-Roediger-McDermott (DRM) (Deese 1959; Roediger and McDermott 1995) false memory task to study this issue. The DRM paradigm provides a tractable laboratory procedure to study the creation and avoidance of false memories. Participants study lists of words (e.g., bed, rest, awake, tired, dream) that are semantically associated to a given word (sleep), but this associate (the critical item) is never studied. False recognition of critical items is quite robust, sometimes equal to or greater than that of studied items. False recognition is also difficult to strategically avoid and is accompanied with high levels of confidence (for review, see Gallo 2006) . Furthermore, individual differences in DRM susceptibility have been associated with false autobiographical memories in some groups (Clancy et al. 2002) , providing an important link to memory phenomena outside the laboratory.
Different predictions on how sleep might affect false memory can be made based on current research. From one perspective, sleep should increase false memory. Several studies have tested memory in the DRM paradigm after delays of 30 sec to 2 mo and found that false memories are less likely to decline after a delay than true memories (Payne et al. 1996; Thapar and McDermott 2001; Seamon et al. 2002) . These findings suggest that true memory is more susceptible to forgetting than the general associative information that can cause false memories (Brainerd and Reyna 2005) . In other words, veridical memory for item-specific details decays at a faster rate than more general information or gist memory. This pattern suggests that sleep may preserve gist-based information. This prediction is consistent with the finding that DRM false recogni-tion is heavily dependent on the medial temporal lobes (Schacter et al. 1996; Cabeza et al. 2001) , regions thought to be involved in sleep-based consolidation processes (Paller and Voss 2004; Wixted 2004) . Although gist can lead to errors in the DRM task, this type of information is thought to be beneficial to various cognitive activities (Schacter et al. 1998; Brainerd and Reyna 2005) and is therefore the type of information that sleep-related consolidation processes might enhance. Furthermore, the prediction that sleep might increase false memories is also consistent with recent work on finding hidden rules in complex algorithm learning. In this study, participants were more likely to discover a hidden rule if they had slept after training than if they remained awake (Wagner et al. 2004 ), suggesting that the ability to generalize beyond studied information is more likely to occur after sleep. Similarly, when participants are given DRM lists to remember, they may be more likely to generalize beyond the specific items and remember the common theme of the lists after sleep.
It also could be predicted that sleep should reduce false memories. Memory for studied information is improved after sleep (Plihal and Born 1997) , potentially because sleep minimizes retroactive interference and resultant forgetting (Wixted 2004) . Sleep may also help to actively consolidate information that supports recollection (Drosopoulos et al. 2005 ) and may improve source memory (cf. Johnson et al. 1993 ). According to the sourcemonitoring framework, memory representations can be accompanied by explicit recollection of the details of an item's context during presentation rather than a simple sense of familiarity. For example, recognizing unusual aspects of a presentation (e.g., red print) may serve as a cue, if recollected, that a particular word had been seen previously. Sleep may strengthen perceptual details of the studied information or may strengthen memory for internal cognitive processes that occurred at the time of encoding, enabling more efficient and accurate retrieval. Although the exact mechanisms of sleep-related benefits on episodic memory are still unclear, improved recollection of studied details could enhance the ability to strategically avoid false memories at retrieval. Most theories of the DRM task posit recollection-based editing processes that can help subjects avoid false memories (Gallo 2006) , analogous to source monitoring processes. Lastly, Diekelmann and colleagues (2008) have shown that deprivation of sleep increases false memories in the DRM task, suggesting that sleep itself might decrease false memory.
To test the effect of sleep on false recognition, we conducted three experiments using the DRM paradigm. In all experiments, participants were right-handed native English speakers who reported no history of speech, hearing, or memory disorders. Participants studied DRM word lists containing 15 words each and were pseudorandomly assigned to one of two experimental or two control conditions. Detailed participant information can be found in the Supplemental material (see Supplemental Method file). All participants completed a study and test phase. Control groups completed all tasks in a single session, either at 10:00 or 22:00. Experimental groups completed the study phase either at 10:00 (12-h wake) or 22:00 (12-h sleep) and then returned 12 h later for the test phase, either after a waking retention interval or after an interval that included a regular sleep phase.
The presentation of each list began with the word that was most highly associated with the critical item, and each word was presented in descending associativity from the critical item. Lists were presented with a 5-sec interval between lists. In Experiment 1, study words were presented orally, and in Experiments 2 and 3, words were displayed visually on the computer screen. Study lists for each experiment can be found in the Supplemental material (see Supplemental Word Lists document). At the conclusion of the study phase, experimental participants were permitted to leave. Control participants listened to an unrelated recorded story for 2 min (to minimize rehearsal) and then completed the test.
All recognition testing was visual. Individual words were displayed on the screen and participants first judged whether or not the word had been presented in any of the lists. If the participant responded that the word was new, the trial ended. If the word was judged to be old, then participants also made a remember/know judgment (Rajaram 1993; Roediger and McDermott 1995) . Participants were instructed to use ''remember'' if they could remember anything specific about the presentation of the word and ''know'' if they could not remember anything specific (for complete instructions, see the Method file in the Supplemental material). Test words were presented randomly.
In the first experiment, participants studied 16 DRM lists chosen based on their strong associative strength and propensity to elicit high rates of false recognition . Words were presented orally in a male voice, over Sennheiser HD570 headphones, with a 1-sec interstimulus interval (ISI). The test contained 96 items: 48 studied words, taken from list positions 1, 8, and 10; the 16 critical lures; and 32 unrelated lures that were taken from eight other DRM lists that were never studied (n = 4 from each list).
We compared performance between the two 12-h retention interval groups (n = 46 in each) to assess the effect of sleep on illusory memory and found that false recognition of critical lures was lower after sleep than after a comparable waking interval (t (90) = 2.0, P < 0.05; Table 1 ). It is important to note that the reduction in false recognition after sleep was selective only for items that were not studied and was not a global reduction in propensity to say that an item had been studied; correct recognition of studied items was similar for the two groups (t (90) = 0.93, P = 0.35). False recognition of unrelated lures was also similar (t (90) = 1.2, P = 0.3). In addition to basic memory performance, we also looked at subjective responses, but the percentage of remember responses did not vary for studied items, critical lures, or unrelated lures (t (90) # 1, P $ 0.31, for all comparisons).
These findings suggest that illusory recognition is lower after sleep, but they require comparison of testing that occurs at opposite times in the circadian cycle. Young adults tend to be at a more optimum point in their circadian cycle in the evening and have been found to perform better on certain declarative memory tasks later in the day than in the morning (May et al. 1993 ). Furthermore, there is evidence that false recollection of critical items does not vary based on preferred time of day in young adults (Intons-Peterson et al. 1999) . However, to ensure that our results were not due to time of testing, we compared performance in the control groups. There were no significant differences between morning and evening testing in false recognition of critical lures, correct recognition of studied lures, or false recognition of unrelated lures (t (44) # 1.6, P $ 0.12, for all comparisons).
These results suggest that after sleep there is reduced false recognition without a corresponding reduction in veridical recognition. This dissociation between true and false memories is similar to that found with other manipulations in the DRM task that have been attributed to source monitoring processes (e.g., Schacter et al. 1999; Dodson and Schacter 2001; Gallo et al. 2006) . Because this was the first demonstration of a reduction in false recognition after sleep, we set out to replicate and extend the effect.
The second experiment was similar to the first experiment, but we changed the method of presentation during study; DRM lists were presented visually instead of auditorily. Previous research has shown that auditory presentation results in greater false recognition than visual, possibly because visual presentation enhances source monitoring (Smith and Hunt 1998; Gallo et al. 2001) . The details of a visual presentation appear to enhance context-based recollection strategies. If sleep enhances source monitoring, perhaps by increasing the binding of contextual information to target memory information or by shifting sensitivity to the diagnostic value of such information for recognition, then one might expect a similar or even greater effect of sleep in false recognition following visual presentation.
Participants studied 10 DRM lists that varied in associative strength. Words were presented on a computer screen for 1500 msec each. The test contained 60 items: 30 studied words (list positions 1, 8, and 10); 10 critical lures; and 20 unrelated lures that were taken from 20 different DRM lists.
Experiment 2 replicated the primary finding in Experiment 1 (Table 1) . False recognition of critical lures was significantly lower after sleep than after waking (t (30) = 2.78, P < 0.01), and correct recognition of list words did not vary significantly between the delay groups (t (30) = 0.19, P = 0.85). The group that was tested after sleep (n = 16) also showed fewer remember responses to critical Cold Spring Harbor Laboratory Press on August 31, 2009 -Published by learnmem.cshlp.org Downloaded from lures (t (30) = 2.41, P < 0.05), than the group that was tested after a waking interval (n = 16), an effect not found in the first experiment (Table 2) .
False recognition of unrelated lures was again similar between the two groups (t (30) = 0.78, P = 0.4). Remember responses to studied items and unrelated lures were also similar (t (30) # 0.99, P $ 0.33, for both comparisons). Furthermore, there were no significant differences in performance between the control groups in critical lure false recognition, correct recognition of studied items, or false recognition of unrelated lures (t (30) # 1.2, P $ 0.23, for all comparisons). Lastly, there were no significant differences in remember responses for any item type (t (30) # 1.2, P $ 0.25, for all comparisons).
The first two experiments show a selective reduction of false recognition of critical lures after sleep, without a corresponding loss in correct recognition. However, if participants are better able to reject false memories after sleep via enhanced source monitoring, then we might expect to see lower false recognition of unrelated lures in addition to lower false recognition of related lures (cf. Schacter et al. 1999; Gallo et al. 2006) . Although there was a slight trend for this pattern in both experiments, it did not approach significance in either one. One possibility is that floor effects contributed to the lack of difference. To test this hypothesis, we used two different types of unrelated lures in Experiment 3: list words and critical lures from unstudied DRM lists. Critical lures have higher word frequencies than list words and also have higher baseline false alarm rates (Roediger and McDermott 1995) . We predicted that false recognition of these items would be higher than false recognition of list words and that, because of this increased false recognition, we might see a similar pattern between sleep and wake groups on these items as on the critical lures from studied lists. Twenty DRM lists that varied in associative strength were chosen for this experiment. The lists were divided into two sets and counterbalanced within each group of participants. The test was the same for all participants so items that were targets for half of the participants were lures for the other half. All participants were part of an experimental group, either 12-h wake or 12-h sleep. Because we found, in two separate studies, that memory performance in this task did not vary based on circadian variation, there were no control groups in this experiment. During study, words were presented visually for 1500 msec. The test contained 80 items: 30 studied words (list positions 1, 8, and 10); 10 critical lures; and 40 unrelated lures (10 critical lures and 30 list words from unstudied DRM lists).
Once again, false recognition of critical lures was lower after sleep (t (61) = 2.2, P < 0.05), without a change in correct recognition (t (61) = 0.93, P = 0.19; Table 1 ). In this experiment, there also was evidence for lower false recognition of unrelated lures after sleep. False recognition of list words from unstudied lists was lower after sleep than after waking (t (61) = 2.7, P < 0.01). However, although we predicted that we would show reduced false recognition of critical lures (from unstudied lists) after sleep, responses were similar between the two groups (t (61) = 0.3, P = 0.7). This is likely because the test contained significantly more unstudied list words (n = 30) than critical lures from unstudied lists (n = 10), giving the unstudied list words more power and making them more likely to show the effect. Although false recognition of critical lures from unstudied lists was not lower after sleep, if we collapse across item type and examine false alarms to all items from unstudied lists (both list words and critical lures), our effect is maintained. Participants in the sleep group showed lower false recognition of unrelated items, (0.24 6 0.02, mean 6 SEM), than participants in the wake group (0.32 6 0.03, t (61) = 2.03, P < 0.05). However, this effect was not found in the earlier experiments and therefore remains inconclusive. Remember responses were similar to critical lures, studied items, and unrelated lures (t (61) # 1, P $ 0.32, for all comparisons).
It could be argued that in these experiments, we did not control for base-rate false alarm rates. In this experiment, we used Pr (hits À false alarms) to correct for base-rate false alarms. We calculated Pr for hits by subtracting false alarms to list words from unstudied lists from hits, and we calculated Pr for critical lures by subtracting false alarms to critical lures from unstudied lists from critical lures from studied lists. We then performed a repeatedmeasures ANOVA with the item type (corrected hits, corrected false alarms to critical lures) as a within-subjects factor, and condition (wake, sleep) as a between-subjects factor, and found a significant interaction (F (1,61) = 8.67, P < 0.01). This interaction shows that the sleep group has both lower false alarms to critical lures and higher correct recognition for studied items, suggesting improved memory accuracy (Fig. 1 ). There was no main effect of condition (F (1,61) = 0.15, P = 0.69) and no main effect of item type (F (1,61) = 0.26, P = 0.6). Unfortunately, we were not able Figure 1 . Data from Experiment 3, corrected for baseline false alarm rates, using Pr (hits À false alarms) for the sleep and wake groups. Pr for list words was calculated by subtracting false alarms to list words from unstudied lists from correct recognition of list words, and Pr for critical lures was calculated by subtracting false alarms to critical lures from unstudied lists from false alarms to critical lures from studied lists. There was a significant interaction between these factors (F (1,61) = 8.67, P < 0.01), with no main effect of either condition (F (1,61) = 0.15, P = 0.69) or item type (F (1,61) = 0.26, P = 0.6), suggesting greater memory accuracy in the sleep group. to perform this analysis in the earlier experiments because we did not have the appropriate control lures. Critical lures tend to have higher word frequencies and higher false alarm rates than regular list words (Roediger and McDermott 1995) , so they are the only appropriate comparison group for critical lure false recognition.
These experiments provide the first evidence that false recognition is reduced after sleep. This effect cannot be explained by overall changes in response criteria or circadian variation. Young adults tend to be at a more optimal point in their circadian cycle in the evening. However, our work shows better memory performance in the morning, and our control groups suggest that this cannot be attributed to enhanced encoding in the evening. Instead, our results are consistent with the hypothesis that sleep enhanced the accuracy of source monitoring processes. Several DRM studies have found that studied words are associated with more item-specific recollections than nonstudied associates (Mather et al. 1997; Norman and Schacter 1997) , a finding that gains support from neuroimaging studies (Fabiani et al. 2000; Cabeza et al. 2001 ). These item-specific recollections could help participants avoid false memories at retrieval. There are several possible mechanisms through which sleep might have enhanced this ability. Sleep may have actively consolidated item-specific details associated with studied items, thereby facilitating recollection-based source monitoring processes. Sleep may have strengthened sensory representations that potentially differ between true and false memory, owing to recurrent activity between the hippocampus and neocortical areas that code for sensory information (cf. Buzsaki 1998; Paller and Voss 2004) . Sleep also may have provided an interval with less mental activity, during which less information was acquired. Participants who were tested after wake presumably went to class during the day and engaged in other forms of memory processing that could have increased interference on item-specific memories. Because no new information was acquired during sleep, memory accuracy may have been better simply because there was less information acquired between study and test. These different explanations for the benefits of sleep on memory have been difficult to tease apart (for review, see Wixted 2004) , and our study was not designed to resolve this issue.
In contrast to the effect of sleep on false recognition, sleep did not affect true recognition of studied items. This dissociation may seem inconsistent with the idea that sleep enhanced source monitoring, but several DRM studies have shown that manipulations can suppress false recognition without affecting the ability to recognize studied items (Gallo 2006) . Recognition of studied items can be influenced by both item-specific and gist-based information (Brainerd and Reyna 2005; Gallo 2006) , and several studies have found that increasing perceptual details at the time of study (Schacter et al. 1999; Dodson and Schacter 2001; Gallo et al. 2006) or enhancing item-specific information (McCabe et al. 2004) can selectively suppress false memory, without affecting true memory. Moreover, these studies typically show that manipulations that enhance source monitoring reduce false recognition of both critical lures and unrelated lures, as was demonstrated in our third experiment.
In conclusion, false memories in the DRM task are very robust, and explicit manipulations of response strategies at the time of retrieval have been relatively ineffective at reducing this illusion. Nevertheless, false recognition was selectively reduced after sleep even though subjects were not given any instructions to avoid false memories. These results point toward a potentially powerful influence of sleep on episodic memory accuracy. Future work is needed to determine whether this suppression effect can generalize to autobiographical memories formed outside the laboratory. Autobiographical memories generally have more perceptual details that could potentially distinguish between true and false memories, and so the effects of sleep on autobiographical memory accuracy might be even greater than those observed here.
